By introducing a GAC anticodon, 21 different Escherichia coli tRNAs were misacylated with either phenylalanine or valine and assayed for their affinity to Thermus thermophilus elongation factor Tu (EF-Tu)⅐GTP by using a ribonuclease protection assay. The presence of a common esterified amino acid permits the thermodynamic contribution of each tRNA body to the overall affinity to be evaluated. The E. coli elongator tRNAs exhibit a wide range of binding affinities that varied from ؊11.7 kcal͞mol for Val-tRNA Glu to ؊8.1 kcal͞mol for Val-tRNA Tyr , clearly establishing EF-Tu⅐GTP as a sequence-specific RNA-binding protein. Because the ionic strength dependence of koff varied among tRNAs, some of the affinity differences are the results of a different number of phosphate contacts formed between tRNA and protein. Because EF-Tu is known to contact only the phosphodiester backbone of tRNA, the observed specificity must be a consequence of an indirect readout mechanism. E longation factor Tu (EF-Tu) binds GTP and aminoacyl tRNA (aa-tRNA) to form a ternary complex that subsequently binds ribosome and participates in codon-directed binding of the aa-tRNA to the ribosomal A site. Although EFTu⅐GTP binds poorly to tRNAs lacking the esterified amino acid (1), the protein is generally considered to lack specificity because it binds all elongator aa-tRNAs with a similar affinity (2-4). However, recent experiments have shown that EF-Tu⅐GTP exhibits substantial specificity for both the esterified amino acid and the tRNA body of aa-tRNAs (5). This specificity was previously unappreciated because the contributions of the amino acid and the tRNA body to the overall affinity are arranged in a compensatory manner such that the cognate aa-tRNAs all bind with similar affinities. However, misacylated tRNAs were found to bind EF-Tu⅐GTP with a wide range of affinities that were either tighter or weaker than the cognate aa-tRNAs (5). The four different tRNA bodies that were tested displayed about a 100-fold range of K D values with Thermus thermophilus EFTu⅐GTP when each was esterified with the same amino acid. The same range of K D values was observed when the four tRNAs were esterified with a different common amino acid, clearly establishing that EF-Tu shows specificity toward the tRNA body. However, the four tRNAs used in these experiments (Escherichia coli tRNA Experiments presented here take advantage of the important role of the anticodon as a identity element for valyl-tRNA synthetase (ValRS) and phenylalanyl-tRNA synthetase (PheRS) (6-10) to prepare 21 different E. coli tRNAs that were misacylated with either valine or phenylalanine. By comparing the affinities of the different tRNAs esterified with a common amino acid, the specificity of EF-Tu⅐GTP for the different tRNA bodies was established.
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Materials and Methods
E. coli tRNA genes inserted between the T7 promoter and a BstNI restriction site (11) were mutated to contain the GAC anticodon. For the four tRNAs that had a 5Ј terminal C or U residue (tRNA Pro , tRNA Gln , tRNA Asn , and tRNA fMet ), the T7 promoter was placed 10 nucleotides upstream of the native tRNA gene so that a precursor tRNA with a small 5Ј extension was made. Transcription templates were prepared by PCR followed by BstNI digestion or, for those tRNAs with an internal BstNI site (tRNA His , tRNA Glu , and tRNA fMet ), by PCR using a T7 promoter primer and a primer that permits transcription termination at the tRNA terminus. In vitro transcription by T7 RNA polymerase was performed as described (11, 12) in the presence of 5Ј GMP or 5Ј AMP to ensure the presence of a 5Ј terminal monophosphate. For the four precursor tRNAs, the transcription reactions were ethanol-precipitated and subjected to 5Ј end processing in a reaction containing 50 mM Tris⅐HCl (pH 8.0), 75 mM MgCl 2 , 1.5 M NaOAc, 0.05% Triton X-100, and 0.8 M Bacillus subtilis RNase P RNA at 37°C for 1 h (13). All tRNAs were purified on denaturing 20% polyacrylamide gels.
Aminoacylation reactions were performed with 1-2 M tRNA, 4 mM ATP, 30 (14) . After incubation for 40 min at 37°C, 1͞10 volume of 3 M NaOAc (pH 5.3) was added, and the reaction mixture was subjected to phenol͞chloroform extraction and ethanol precipitation. The precipitate was dissolved in 5 mM NaOAc (pH 5.3) and stored at Ϫ80°C. In the case of tRNA Phe , the product of the aminoacylation reaction was used directly in EF-Tu binding experiments without phenol extraction and ethanol precipitation, because this procedure denatures unmodified E. coli tRNA Phe (15) .
EF-Tu from T. thermophilus was overexpressed in E. coli and purified as described (16) . EF-Tu⅐GTP was prepared immediately before use by incubating 1 M EF-Tu⅐GDP, 3 mM phosphoenolpyruvate, 30 g͞ml pyruvate kinase, 10 mM DTT, 20 M GTP, 20 mM MgCl 2 , 50 mM K-Hepes (pH 7.0), and 0.05-3.5 M NH 4 Cl at 37°C for 3 h (17). Dissociation rates were determined in 100 l reactions by incubating 1 M EF-Tu⅐GTP and Ͻ0.1 M [ 3 H]aa-tRNA in the same buffer for 20 min on ice to form the ternary complex. After the addition of 10 l of 0.2 mg͞ml RNase A, 10-l aliquots were removed at various times, quenched into 100 l of 10% trichloroacetic acid (TCA) containing 0.1 mg͞ml of unfractionated tRNA, and filtered through a nitrocellulose membrane. Samples were washed and counted as described (16) . Dissociation rates were measured at least three times at each NH 4 Cl concentration, and the mean value of k off was determined. Errors of slopes and K D values shown in Tables  2 and 3 are within 20% and 40%, respectively.
Results
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. These mutations introduce important identity determinants expected to improve misacylation by E. coli ValRS and yeast PheRS (6) (7) (8) (9) (10) 18) . Because EF-Tu binds to the acceptor stem and the T arm of tRNA (19, 20) , these anticodon modifications are not expected to affect binding. Indeed, anticodon modifications of tRNA Phe , tRNA Ala , and tRNA Val were found not to affect EF-Tu affinity (5).
All 22 tRNAs were prepared in unmodified form by using in vitro transcription with T7 RNA polymerase. Eighteen tRNAs were made in the conventional manner as an exact runoff transcript (11) , and the four tRNAs with a 5Ј terminal U or C were prepared by in vitro processing of a precursor tRNA with B. subtilis RNase P RNA. The tRNAs were tested for aminoacylation by both E. coli ValRS and yeast PheRS. Because the goal was only to obtain sufficient aa-tRNA for EF-Tu binding experiments, reactions contained high concentrations of aminoacyl-tRNA synthetase (aaRS) and pyrophosphatase to improve the aminoacylation yield. Although the activity of the tRNAs for the two aaRSs varied, 16 of the 22 tRNAs could be valylated to more than 50% and 19 of the 22 tRNAs could be phenylalanylated to more than 25% (Table 1 ). These levels are sufficient for EF-Tu binding experiments because the presence of deacylated tRNAs does not influence the binding affinity. Only tRNA His was not aminoacylated by either aaRS, so binding experiments with this tRNA were not performed. 4 Cl buffer at 2°C. Under these conditions, the protein is in excess over the aa-tRNA and its concentration is high enough to achieve almost complete binding of the Val-tRNA. The stability of these complexes was determined by using an RNase protection assay (3) that makes use of the fact that the 3Ј end of aa-tRNA is not susceptible to RNase digestion when bound to EF-Tu, thus the esterified [ 4 Cl buffer. Some Val-tRNAs, such as Val-tRNA Gln , dissociate so rapidly that it is difficult to obtain an accurate value by manual pipetting. Others, such as Val-tRNA Gly , are extremely slow, also making it difficult to obtain an accurate k off value. In general, accurate k off values can most conveniently be obtained between 0.02 min Ϫ1 and 1 min Ϫ1 .
To obtain accurate k off values for Val-tRNAs that bind weakly or tightly, the NH 4 Cl concentration in the buffer was varied. As shown in Fig. 2 , log k off increases linearly with increasing log [NH 4 Cl]. For the four Val-tRNAs in Fig. 1 , accurate k off values could be obtained over an appropriate range of NH 4 Cl concentration ( Fig. 2 A) . Thus, the k off for the tight binding of ValtRNA Gly could be determined at high salt concentrations, and the k off for the weak-binding Val-tRNA Gln could be determined at low salt concentrations. By extrapolation of the linear plots, the k off values of all aa-tRNAs could be calculated at any desired ionic strength. To minimize extrapolation, a reference condition of 0.5 M NH 4 Cl was chosen to compare the aa-tRNAs. As shown in Fig. 2B for six other Val-tRNAs, the slopes of log k off vs. log [NH 4 Cl] plot vary significantly among the Val-tRNAs.
Several Val-tRNAs bound EF-Tu so tightly that extremely high NH 4 (Tables 2 and 3 ). 4 Cl concentration as described above. The data are summarized in Table 3 . As with the Val-tRNAs, the different Phe-tRNAs exhibit different slopes and a range of K D values. However, it is not appropriate to compare the Val-tRNA and Phe-tRNA data sets directly because phenylalanine contributes more to the overall K D value than valine (5).
To determine the relative contribution of esterified phenylalanine and valine to the EF-Tu binding affinity, five tRNAs that could be acylated with both amino acids were chosen and their affinities as Phe-tRNAs determined (Table 3 ). Fig. 3 shows the log k off vs. log [NH 4 Cl] plots for tRNA Tyr , tRNA Lys , and tRNA Met acylated with valine or phenylalanine. Each tRNA binds EF-Tu more tightly when esterified with phenylalanine, but the slope is not affected by the esterified amino acid. These data confirm that phenylalanine contributes more than valine to protein binding and supports the view that the slope is defined by interaction with the tRNA body. When the difference of the ⌬G o values of each Val-tRNA and Phe-tRNA was calculated, an average value of ⌬⌬G (Val-Phe) ϭ 0.52 Ϯ 0.14 kcal͞mol was obtained for the five tRNAs tested. The SD is within the error of the measurement, supporting the conclusion that ⌬⌬G (ValPhe) is independent of the tRNA body.
By using ⌬⌬G (Val-Phe), the experimental value of ⌬G o for each Phe-tRNA in Table 3 can be converted to a calculated ⌬G o for the same tRNA esterified with valine. This conversion 
Discussion
Experiments with 15 different E. coli tRNAs esterified with valine and 11 different E. coli tRNAs esterified with phenylalanine clearly establish that individual tRNA bodies contribute very differently to the overall binding affinity of aa-tRNAs to EF-Tu. Experiments with five different tRNAs esterified with both valine and phenylalanine showed that the contribution of the esterified amino acid to the overall binding affinity is independent of the tRNA body and permitted a hierarchy of binding free energies for 21 different valylated E. coli tRNAs to be established (Fig. 4) . The observed range of free energies among the elongator tRNAs is 3.6 kcal͞mol, which equals or exceeds the difference in the free energy of binding cognate and noncognate tRNAs by aaRSs (21, 22) . Thus, EF-Tu should be regarded to be just as specific in binding tRNA as a typical aaRS.
The differential binding of the different tRNA bodies is consistent with the observation that the ionic strength dependence of the k off also varied substantially among different tRNA bodies. Linear plots of log k off vs. log [NH 4 Cl] were observed over a broad range of ionic strength, and the slopes varied from 0.57 to 2.7 among different tRNAs but were not altered by the identity of the amino acid. The slope of a log k off vs. log ionic strength plot can be interpreted as proportional to the number of phosphate contacts that are formed after protein binding (23, 24) . Thus, tRNAs with a steep slope, such as Val-tRNA Glu , make more phosphate contacts with EF-Tu than tRNAs with a gentler slope, such as Val-tRNA Leu . However, because there is only a weak correlation between the steepness of the slope and the total free energy of binding, tighter binding does not simply reflect the formation of additional phosphate contacts.
The broad range in binding affinities of T. thermophilus EF-Tu with the valylated E. coli tRNAs reported here contrasts with the much narrower range of binding affinities observed when the very similar E. coli EF-Tu protein binds the same set of tRNAs acylated with their cognate amino acid (3, 4) . Taken together, the data suggest that the contributions of the esterified amino acids to the EF-Tu binding affinity must show a hierarchy that is roughly opposite to the tRNA hierarchy seen in Fig. 4 . Thus, esterified glutamic acid and aspartic acid are expected to contribute relatively little to the EF-Tu binding affinity to compensate for the observed tight binding of tRNA Glu and tRNA Asp . In contrast, esterified glutamine and tyrosine are expected to contribute a lot to the binding affinity to offset the weaker binding of their corresponding tRNAs.
The experimental hierarchy of tRNA bodies and the deduced opposing hierarchy of amino acids help to explain why certain aa-tRNAs bind poorly to EF-Tu⅐GTP. For example, both the initiator tRNA fMet esterified with either methionine or formylmethionine and the specialized elongator tRNA Sec esterified with either serine or selenocysteine (Sec) show very weak binding to EF-Tu⅐GTP in vitro (1, 3, 4, 25) . Because both these tRNAs enter translation by binding other proteins, this result is not unexpected. Experiments presented here show that ValtRNA Sec and Val-tRNA fMet are indeed among the weakest aa-tRNAs tested. However, it is interesting that two valylated elongator tRNAs (tRNA Gln and tRNA Tyr ) bind EF-Tu with a similar low affinity. Thus, the poor binding of fMet(or Met)-tRNA fMet and Sec(or Ser)-tRNA Sec to EF-Tu is not simply because of poor binding of the tRNA bodies, but is also the result of a comparatively small contribution of their esterified amino acids. Gln-tRNA Gln and Tyr-tRNA Tyr bind EF-Tu quite well because the esterified amino acids contribute strongly to the overall affinity. A second example of EF-Tu discriminating against certain aa-tRNAs involves the misacylated Glu-tRNA Gln and AsptRNA Asn that arise as intermediates in the synthesis of GlntRNA Gln and Asn-tRNA Asn by a transamidation pathway present in many eubacteria and archaebacteria (26) (27) (28) (29) . Neither misacylated tRNA was found to bind the EF-Tu⅐GTP to an appreciable level even though the corresponding cognate aa-tRNAs bind well (30, 31) . This observation can now be rationalized by the finding that the bodies of tRNA Gln and tRNA Asn contribute comparatively less to EF-Tu affinity. Based on the tight binding of tRNA Glu and tRNA Asp the data also suggest that glutamic acid and aspartic acid are amino acids that bind comparatively weakly. As a result of having a weak tRNA and a weak amino acid, Glu-tRNA Gln and Asp-tRNA Asn bind EF-Tu poorly until their esterified amino acids are converted to the tighter binding glutamine and asparagine by the transamidation pathway. In other words, the discrimination shown by EF-Tu against these misacylated tRNAs is a consequence of both the tRNA and amino acid-binding specificities intrinsic to the protein.
The molecular basis of the tRNA binding specificity displayed by T. thermophilus EF-Tu is not fully understood. The cocrystal structure of yeast Phe-tRNA Phe bound to the nearly identical Thermus aquaticus EF-Tu⅐GMPPNP reveals that the protein makes no direct contacts with the tRNA bases at all (20) . A single contact with the conserved residue C75 is observed in the E. coli Cys-tRNA Cys cocrystal structure (19) . The protein therefore contacts the tRNA almost entirely through the phosphodiester backbone of the conserved CCA terminus and helical residues of the acceptor and T stems. Eleven amino acids contact nine 2Ј hydroxyl groups, and nine amino acids contact eight phosphate residues. This observation suggests that the high specificity of EF-Tu for tRNA is achieved through an ''indirect readout'' mechanism similar to that proposed for several DNA-binding proteins (32) (33) (34) . Presumably, differences in binding energy are the result of small differences in the positions of phosphates and 2Ј hydroxyls in the acceptor and T helices that arise as a consequence of the sequence. Additionally, sequence-dependent hydration patterns could also lead to affinity differences.
We have attempted to correlate the EF-Tu binding affinity of tRNAs with their sequence in the acceptor and T stems where the protein is known to bind. As shown in Fig. 5 , no unique correlation with sequence is observed, suggesting that differences in the binding affinity arise from multiple contacts throughout the binding site. However, two interesting trends were observed. First, the tightest binding tRNAs tend to have AU and GU base pairs at positions 49-65 and 7-66 at the junction of the acceptor and T stems. Second, the weaker binding tRNAs tend to have a mismatch or AU pair at 1-72 and a GU pair at 50-64, which may prevent the formation of thermodynamically important 2Ј hydroxyl contacts that form at positions 1 and 64 (16) . Interestingly, all of these sites have previously been proposed to be ''antideterminants'' that reduce EF-Tu binding to tRNA fMet or tRNA (35) . Similarly, changing the weak C1-A72 in tRNA fMet to either a C1-G72 or U1-A72 pair improves EF-Tu binding (36) . The correlations shown in Fig. 5 suggest that these positions should not simply be considered as antideterminants, but as determinants that are responsible for differences in the binding affinity of all tRNAs.
An alternate way to understand the specificity exhibited by EF-Tu is that each tRNA makes a slightly different set of contacts with EF-Tu. This view is supported by the cocrystal structure of E. coli Cys-tRNA Cys with T. aquaticus EFTu⅐GMPPNP (19) , which reveals several differences from the yeast Phe-tRNA Phe structure in the way that the phosphodiester backbone contacts the protein. For example, in the tRNA Phe structure, the 2Ј hydroxyl of A66 contacts Lys-376 whereas in the tRNA Cys structure, this contact is not made and instead the phosphate of A66 contacts Gln-341, a contact not seen in the tRNA Phe structure. The possibility that different tRNAs make different protein contacts is supported by the data in Tables 2  and 3 , which indicate substantial differences in the number of phosphate contacts formed between EF-Tu and the different E. coli tRNAs. However, several observations argue against such a model. First, because the tRNA Phe and tRNA Cys complexes were crystallized in different space groups, it is also possible that the observed differences in the protein-RNA contacts are the result of different packing constraints in the crystal lattice and do not reflect the interaction in solution (19, 20) . Indeed, several of the 2Ј hydroxyl contacts in the tRNA Phe structure, which differ from those in the tRNA Cys structure, do not contribute to the overall binding energy (16) . Thus, not all of the observed differences in the two x-ray structures may be relevant to the specificity in solution. Second, Val-tRNA Phe binds EF-Tu with very similar affinity to Val-tRNA Cys , making it unclear whether different contacts would even be needed for these two tRNAs. Finally, another potentially important contribution to the differential binding of tRNAs is the free energy required to modify the structure or dynamics of the free tRNA so it adapts a uniform structure in the protein complex. Experiments with four different tRNAs modified with fluorescein at U8 suggest that although the environment around the fluorophore was quite different in the free tRNAs, it was quite similar after EF-Tu was bound (1). Interestingly, E. coli tRNA Val , which binds EF-Tu the weakest of the four tested, shows the largest fluorescence change whereas E. coli tRNA Ala , which binds EF-Tu more tightly, shows a smaller fluorescence change. If the structure and dynamics of the tRNA in the free form are important for EF-Tu binding affinity, it is possible that parts of the tRNA remote from the acceptor-T stem-binding site could contribute to protein-binding affinity. Although most studies have suggested that this is not the case (17) , at lease one remote tertiary interaction involving the 2Ј hydroxyl of U7 seems to modulate the affinity of yeast tRNA Phe to EF-Tu (16) . In summary, it is clear that the molecular basis of tRNA-binding specificity to EF-Tu is not yet understood and a thorough analysis of tightly and weakly binding tRNA bodies is required.
It seems that the sequences of tRNA are adjusted to thermodynamically compensate for the contribution of the different cognate amino acid side chains and thereby ensure uniform binding of all aa-tRNAs to EF-Tu. It has been suggested that the selective pressure for this thermodynamic compensation is to maximize translational accuracy because many misacylated tRNAs bind poorly to EF-Tu and thus will not be delivered to the ribosome (5). One problem with this view is that an equal number of misacylated tRNAs bind EF-Tu much tighter than the corresponding cognate aa-tRNA, and thus should decrease translation accuracy. The data presented here provide a possible explanation for this conundrum. As shown in Fig. 4 , those tRNA bodies that bind EF-Tu tightly tend to have relatively small cognate amino acids and would only be expected to bind EF-Tu very tightly if misacylated with a larger amino acid. However, misacylated tRNAs of this type are less likely to form because large amino acid side chains are usually effectively sterically excluded by aaRSs (37) . Thus, the specificity of EF-Tu for binding different tRNAs may have evolved to exclude a certain set of tRNAs that are prone to misacylation from binding ribosomes.
An alternate possibility is that thermodynamic compensation has evolved to ensure that all aa-tRNAs proceed through ribosomal decoding at a uniform rate. After the EF-Tu⅐GTP⅐aa-tRNA ternary complex binds the ribosome in a codon-directed manner, GTP hydrolysis occurs and aa-tRNA is released from EF-Tu⅐GDP and enters the ribosomal A site. This ''accommodation'' step may be rate limiting for peptide bond synthesis (38) . Although the contacts between aa-tRNA and EF-Tu⅐GDP on the ribosome may be different from those in the ternary complex, it is likely that the differing thermodynamic contributions by the amino acid side chain and tRNA body would be maintained. If certain aa-tRNAs were to bind EF-Tu⅐GDP too tightly, accommodation and peptide bond formation would be too slow. In this view, the selective pressure to achieve uniform binding of the cognate aa-tRNAs is not to promote translational accuracy, but rather to ensure a uniform rate of translation. Thus, an analysis of the kinetic properties of misacylated tRNAs in translation would be valuable.
